Interacting dark energy models are widely renowned for giving an explanation to the cosmic coincidence problem as well as several observational issues. According to the recent observational data, and so far we are concerned with the literature, the choice of the interaction function between dark matter and dark energy is always questionable since there is no such underlying theory that could derive it. Thus, in this work we have raised this issue by proposing two new nonlinear interaction functions and constrain them using cosmic microwave background (CMB) from Planck 2018, baryon acoustic oscillations (BAO), dark energy survey and a measurement of the Hubble constant H0 from Hubble Space Telescope (HST) 2019. The dark energy equation of state is considered to be constant throughout the work and the geometry of the universe is assumed to be homogeneous and isotropic with zero spatial curvature. Our analyses report that a non-zero interaction is always allowed by the observational data and the dark energy equation of state is bent towards the phantom regime. In particular, when H0 from HST is added to Planck 2018+BAO, we find an evidence for a non-zero coupling at more than 2σ confidence level. Our analyses also report that for both the models, H0 is close to its local measurements and thus alleviating the H0 tension. In particular, one of the interacting models perfectly solves the H0 tension.
I. INTRODUCTION
Cosmological models where dark matter (DM) and dark energy (DE), two heavy components of the universe, interact with each other in a non-gravitational way, are the most general ones with respect to the minimally coupled fields, since the latter can be seen as a special case of the interaction models. The dynamics of such interacting models offers some interesting results that have been explored greatly in the last couple of years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and also recently (also see [56, 57] , for extensive reviews on interacting dark fluids). Since the nature of the interaction is not known, a very common approach is adopted similar to what we do with DE and/or modified gravity models. That means, we specify a phenomenological interaction rate and test the dynamics of the universe using the cosmological data. One can realize that such a procedure actually enables us to reconstruct the expansion history of the universe. The usual choices of the interaction rates are generally assumed to obey some simple and some complicated power law relations between the energy density of DM and DE. However, looking at the conservation law of this joint dark sector, ∇ ν (T µν DM + T µν DE ) = 0, implying ∇ ν T µν DM = −Q(t) = ∇ ν T µν DE , where Q(t) determines the interaction rate (or, the energy flow) between these dark sectors, one thing is clear that the exact functional form constraining the flow of energy between the dark sectors is actually unknown since the nature of the dark sectors is not really known. We mention * supriya.maths@presiuniv.ac.in † d11102004@163.com ‡ anpaliat@phys.uoa.gr that the terms T µν DM , T µν DE respectively denote the energymomentum tensors of DM and DE. The general choices that have been studied widely in the literature include Q(t) ∝ ρ c , (where ρ c is the energy density of the pressureless DM), Q(t) ∝ ρ x , (ρ x denotes the energy density of DE), Q(t) ∝ (ρ c + ρ x ), Q(t) ∝ (ρ c ρ x )/(ρ c + ρ x ), Q ∝ρ x (here dot is the derivative with respect to the cosmic time) and some others where mainly we assume some phenomenologically simple or complicated functions related to the powers of ρ c , ρ x [37] . Although we always stress that the interaction models are mostly phenomenological, but a recent investigation by [58] argues that various interaction models have a strong field theoretical origin. In particular, some well known linear and non-linear interaction functions of ρ c and/or ρ x , can be derived following the field theoretical arguments [58] . However, it is very usual and actually natural to ask why the interaction functions involving only the powers of ρ c and/or ρ x should be preferred as there is no such objection to consider other possible choices following the arguments in [58] . So, one can look for some other kind of interaction rates that may allow some more complicated functions of ρ c and ρ x . In fact, similar to DE and modified gravity models, the basic approach remains same, that means one may allow various type of interaction models and examine their viabilities in light of the recent observational data.
Thus, in the current work, we introduce some new type of interaction models that have never been investigated without any proper justifications. In order to investigate the observational acceptance of the models, we perform global fittings of the models using the latest observational data with diverse origins. Moreover, we also address several theoretical issues of the models both at arXiv:2002.03408v1 [astro-ph.CO] 9 Feb 2020 background and perturbative levels. For the numerical simulations, we consider the Markov chain Monte Carlo package COSMOMC [59, 60] .
The work has been organized in the following way. In section II we describe the gravitational equations of an interacting universe at the level of background and perturbations as well the interaction models that we have studied. After that in section III we provide the details of the observational data that we have used to analyze the models. In the next section IV we give the details of the analyses for two interaction scenarios. Finally, in section VII we close the present work with a brief summary of the entire findings.
II. INTERACTING COSMOLOGY AT BACKGROUND AND PERTURBATIVE LEVELS
In the large scale our Universe is almost homogeneous and isotropic and such geometric configuration is well described by a spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) universe characterized by the line element
where a(t) being the scale factor of the universe and (x 1 , x 2 , x 3 ) are the co-moving coordinates. In such a universe we consider that the total energy content of the universe is shared by radiation (photon + neutrinos), baryons, DM and DE 1 . Although all species interact with other at the gravitational level, however, in the present work we focus only on the non-gravitational interaction between DM and DE, that means, a matter flow between DM and DE exists. We further assume that DM is pressureless (also known as cold DM, abbreviated as CDM) while DE has a constant barotropic state parameter. Finally, the entire matter sector is also assumed to be minimally coupled to gravity. Thus, in such a model of General Relativity, the conservation equations for the interacting DM and DE take the formsρ
where ρ c , ρ x , as already quoted in the introduction, are the energy densities of pressureless DM and DE, respectively; the quantity w x = p x /ρ x (< −1/3) refers to the equation of state for DE in which p x is the pressure of the DE fluid and Q is the interaction rate between these dark sectors. The positivity in the interaction rate, that means Q > 0 denotes the energy transfer from pressureless DM to DE while its negative sign (i.e. Q < 0) denotes the opposite case, that means the energy flow occurs from DE to pressureless DM. The quantity H ≡ȧ/a, is the Hubble rate of the FLRW universe which provides the constraint equation on the dynamics as
where ρ r and ρ b are respectively the energy density of radiation and baryons. Hence, if one describes the interaction rate Q(t), then the set of equations (2), (3) and (4) can determine the entire dynamics of the universe. However, as discussed earlier, in this work we aim to discuss some particular choices for the interaction rates beyond the general. In what follows, we introduce two interaction rates
and
where ξ in both (5) and (6) refers to the coupling parameter of the interaction rates. We note that the interaction models featured with trigonometric functions, so far we are aware of the literature, have not been investigated.
One could easily realize that since −1 ≤ sin θ ≤ 1 (θ being a real number), thus, specifically model (5) could allow both positive and negative values. That means it seems to possess an oscillating character. In case of model (6) , although an oscillating trigonometric function is present, but since 0 ≤ (1 + sin θ) ≤ 2, thus, for this model Q could take take either positive or negative values depending on the sign of the coupling parameter.
Since the models are new in the literature, we expect that it might be interesting to see what new ingredients the models can add to the existing literature of IDE models. For convenience, we label the interacting scenario with the interaction rate (5) as IDE1 while the interacting scenario driven by the interaction model (6) is labeled as IDE2.
Considering the Taylor expansion of the interaction models around ρx ρc = 1, it is easy to find that the interaction function (5) in its first approximation takes the form of a nonlinear model
and similarly the first approximation of the model (6) around ρx ρc = 1, leads to another nonlinear interaction rate
Thus, one can see that the models have some known nonlinear structure [37] . We digress for a moment from the above discussion and go back to the conservation equations (2) and (3) by recasting them in terms of the effective equations of state for the dark fluids as followṡ
x are respectively identified as the effective equation of state parameters for CDM and DE having the following expressions
w eff
and both of which, as one may note, clearly describe that the effective fluid could deviate from the original nature. That means, the effective equation of state for CDM does not behave like a dust if we have a nonzero interaction in the dark sector, i.e. for Q(t) = 0. One may further note that in terms of the effective fluids description, we now have a non-interacting cosmological description. Thus, in spite of having an interaction in the dark sectors, it is possible to view it as a non-interacting cosmological description in which both the dark fluids might be exotic depending on the signal and strength of Q.
In fact, w eff c could be negative and it may even behave like a DE fluid, equivalently, w eff c < −1/3, depending on the strength as well as sign (of course for Q < 0) of the interaction function. On the other hand, the effective DE fluid may exhibit different characters. For instance, if the DE fluid is the vacuum, i.e., w x = −1, then depending on the sign of the interaction function, Q, the nature of the effective fluid could be different. For instance, if Q(t) > 0, the effective DE fluid behaves like a phantom fluid (i.e. w x < −1) while for Q(t) < 0, the equation of state parameter of the effective DE fluid will be constrained as w x > −1. In a similar fashion, if the DE is of quintessence or phantom, then depending on the sign of Q, alternatively, depending on the energy transfer between DE and pressureless DM, one could classify the nature of the effective dark fluid. Thus, one could clearly realize that the presence of interaction (i.e. Q = 0) in the dark sectors may change the qualitative behaviour of the fluids under interaction.
Let us now come to the exact effective equations of state for the above interaction rates. For model IDE1, one can derive the effective equations of state as,
where we have used r = ρ c /ρ x , known as the coincidence parameter. Similarly, for model IDE2, one can find that
From the above couple of equations, one could determine the nature of the effective equation of state parameters. One could easily realize that for IDE1, the evolution of w eff c and w eff
x are oscillating with respect to the coincidence parameter, r. Additionally, the expression of w eff c for IDE1 directs that the effective equation of state for CDM could be exotic in nature.
Let us now present the qualitative behaviour of the interaction models (5) and (6) as well as their impacts on the universe evolution through the effective equations of state for CDM and DE respectively given in eqn. (9) and eqn. (10) .
In Fig. 1 , we present the evolution of the interaction rates (5) and (6) for two different regimes of the DE equation of state, namely quintessence (w x > −1) and phantom (w x < −1) considering different values of the coupling parameter ξ, namely, ξ = 0.01, 0.04, 0.07 and ξ = 0.1 aiming to understand how different values of the coupling parameter affect the qualitative features of the interaction models. The upper panel of Fig. 1 stands for IDE1 of (5) while the lower panel stands for IDE 2 of (6). We note that while showing the behaviour of the interaction model, we have plotted the dimensionless quantity Q/Q 0 (here Q 0 = H 0 ρ 0 , ρ 0 being the total energy density of the matter sector defined through the Hubble equation (4)). Now, looking at the upper panel of Fig. 1 (IDE1), one can notice that the interaction model allows a fine transition from its negative values (Q < 0) to positive values (Q > 0). For the case with Q < 0, the energy flow takes place from DE to pressureless DM. As a consequence, as long as the energy flow takes place from DE −→ pressureless DM, the energy density of the DM sector continues to increase and the dynamics of the universe is dominated by the DM sector. We note that for higher values of the coupling parameter, as one can see from the curves representing ξ = 0.1 (see both the upper plots of Fig. 1 ), the energy flow is higher in terms of the quantity |Q/Q 0 |. When the energy flow reverses its direction (Q < 0 −→ Q > 0), the energy flow takes place from pressureless DM to DE, and hence the energy density of DE becomes higher compared to the energy density of the pressureless DM. As a result, the DE sector dominates the universe's dynamics compared to the pressureless DM and we observe the late accelerating phase of the universe. On the other hand, for the second interaction model (6), i.e. for IDE2, we do not find any such sign changeable feature, see the lower panel of Fig. 1 . Thus, one can see that IDE1 scenario has an appealing characteristic in term of its sign changeable behaviour. We note that only a few IDE models with such special aspect exist in the literature [61] [62] [63] [64] [65] . The imprints of 8πG , is the present value of the total energy density defined in eqn. (4) . While drawing the plots we have fixed Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1 − Ωr0 − Ωc0 − Ωx0 = 0.0399. this sign changeable nature in Q can also be reflected in other parameters, namely the effective equation of state parameters that we have described below.
In order to have a better understanding on the behaviour of the effective equation of state parameters of the dark fluids, namley, w eff c and w eff x , we have considered two different DE regimes, namely, quintessence (w x > −1) and phantom (w x < −1). Let us note that since the interaction function includes the energy density of DE, thus, the effective equation of state parameter for pressureless DM shown in (9) is dependent on the equation of state parameter for DE. Thus, while describing the evolution of w eff c , it is necessary to consider a specific value of w x . Following these, in Fig. 2 and Fig. 3 , we have described the evolution of w eff c and w eff x for two different regimes of w x as well as for different values of the coupling parameter for the interacting scenarios IDE1 and IDE2, respectively. Let us describe the evolution of w eff c and w eff x for each IDE model. x for different values of the coupling parameters as well as for two different regimes of w x , namely, quintessence and phantom. For IDE1, we have already noticed that a transition from Q < 0 (energy flows from DE to CDM) to Q > 0 (energy flows from CDM to DE) is allowed (see the upper plots of Fig.  1 ). Thus, when the energy flow occurs from DE to CDM (i.e. Q < 0), the effective nature of CDM becomes exotic (see eqn. (9) ) meaning that w eff c < 0; see the evolution of the curves (corresponding to each coupling parameter ξ, after z 0.25) in the upper plots of Fig. 2 . On the other hand, concerning the effective nature of the DE sector we find, w eff x > w x ; similarly, see the evolution of the curves (corresponding to each coupling parameter ξ, after z 0.25) in the lower plots of Fig. 2 . When the energy flow reverses its direction (Q < 0 −→ Q > 0), that means when energy flow occurs from CDM to DE (i.e. Q > 0), then w eff c becomes positive but more negative nature of the effective DE sector is enhanced, i.e. w eff x < w x . These features are encoded in the curves of all plots of Fig. 2 for z 0.25. In a similar fashion, Fig. 3 corresponds to the evolution of the effective state parameters for IDE2. Since for IDE2, the interaction rate does not allow any transition in its sign, thus, we have quite straightforward behavior in both w eff c and w eff x as shown in various plots of Fig. 3 .
Having presented the evolution equations of the IDE 
We demonstrate the evolution of the effective equations of state for CDM and DE for the interaction model Q(t) = 3Hξρx 1 + sin ρx ρc − 1 considering both the possibilities of the DE equation of state, i.e., whether wx is in the quintessence or in the phantom regime. For all the plots we have fixed Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1−Ωr0 −Ωc0 −Ωx0 = 0.0399. models at the level of background, we are now interested to investigate the models at the level of perturbations. Combining the evolution equations at the level of background and perturbations equations, one can fully determine the exact nature of the interaction models. Thus, in order to do that, we consider the most general perturbed FLRW metric [66] [67] [68] 
in which τ is the conformal time; φ, B, ψ, E are the the gauge-dependent scalar perturbation quantities. Now, using the above metric (15) , one can derive the gravitational equations following [9, 13, 14] :
, relative to the four-velocity vector u µ . Here, Q A denotes the background energy transfer (i.e., Q A = Q) and the quantity f A refers to the momentum transfer potential. Following the well accepted earlier theories [9, 13, 14] , we restrict the interaction scenario where the momentum transfer potential is set to zero in the rest frame of the DM fluid and consequently, one can find that
where k denotes the wave number; θ = θ µ µ , and θ c are respectively the volume expansion scalar of the total fluid and the volume expansion scalar for the pressureless DM (CDM) fluid. Now, one can consider either a synchronous gauge or the conformal Newtonian gauge to describe the perturbations equations. Here, we adopt the synchronous gauge for which φ = B = 0, ψ = η, and k 2 E = −h/2 − 3η (where h and η are the metric perturbations, see [67] for a detailed reading), and moreover, assuming zero anisotropic stress in the interacting scenario, the density and velocity perturbations for the dark fluids can be written as
where δ A = δρ A /ρ A (A = c or x, mentioned above) is the density perturbations; H = a /a, is the conformal Hubble parameter and δQ/Q includes the perturbations for the Hubble rate δH where H = aH. Now using δH, one may derive the gauge invariant equations for the in-teracting dark fluids, see [12] for more details. Thus, the above set of equations present the general perturbation equations for any coupling Q between DM and DE. Let us now present the exact perturbation equations for the two interacting functions. The perturbation equations of DE and CDM for IDE1 are,
while on the other hand, the perturbation equations for IDE2 are
We close this section with a general treatment for the growth rate of matter perturbations valid for any interacting DE model as well as some other quantities that are also affected in presence of the interaction. The general expression describing the growth rate of matter perturbations in presence of an arbitrary interaction function Q is,
from which it is evident that in presence of no interaction (i.e. Q = 0), the standard equation of growth rate of matter perturbations for the non-interacting cosmologies can be easily recovered. In (16) , H is the conformal Hubble factor that has already been mentioned earlier and the prime stands for the derivative with respect to the conformal time. The growth rate of pressureless DM, f c , which measures the direct effects of interaction on the matter perturbations is, f c = d da (ln δ c ). Thus, plugging the interaction rate Q considered in this work, into (16) , one could find the growth rate of pressureless DM. We have numerically solved the equation (16) for both interaction functions considering the initial condition,
In Fig. 4 we show the growth rate of the CDM, f c , for IDE1 considering various values of the coupling parameter, ξ. In particular, we checked the evolution history of f c for both quintessence DE, i.e. w x > −1 (left plot of Fig. 4 ) and phantom DE, i.e. w x < −1 (right plot of Fig. 4 ) DE. From both the plots in Fig. 4 , one could clearly see that the coupling parameter significantly affects the entire growth history of the universe, and in particular, at late times the growth rate for CDM presents large differences. This actually implies that the growth history of CDM is much sensitive to the coupling parameter. We note that for small coupling parameter, for instance ξ = 0.01, the changes in the growth rate is not pronounced, while the changes are prominent as long as the coupling parameter increases (see the curves in Fig.  4 corresponding to ξ = 0.04 and 0.07). We also note that the evolution of f c , does not significantly depend on the DE state parameters. Similarly, in Fig. 5 , we present the same quantity, namely, f c but for IDE2 using different values of the coupling parameter, which again clearly shows that the growth history of the universe is significantly affected in presence of a non-zero coupling parameter. In both Figs. 4 and 5, the violent changes in the evolution of f c appear mainly in the late times. Moreover, we also notice that for IDE2, the evolution of f c is slightly different than IDE1 and this differences mainly appear due to their different evolution, see Fig. 1 . In fact, from Fig. 4 , one can see that all the curves representing f c for ξ = 0 cross the curve f c with ξ = 0. This actually happens since the interaction function (5) has a sign changeable property. In summary, we observe that the growth history of the universe is highly dependent on the interaction in the dark sector, which is natural because in this case the evolution of CDM changes which directly affects the growth rate of CDM. For more discussions on this issue, we refer to [19, 20] .
Finally, we introduce the effective expansion history of the universe, H eff , which is the expansion history of the universe in presence of the interaction function Q. The effective expansion history of the universe has the following expression
which for Q = 0, recovers the non-interacting case H eff = H. We have graphically shown the behavior of H eff for both the IDE models. In Figs. 6 (for IDE1) and 7 (for IDE2) we show the effective expansion history of the universe for different values of the coupling parameter considering both quintessence and phantom dark energy state parameter. The left plot of Fig. 6 and 7 stands for w x > −1 regime and the right plot of Fig. 6 and 7 stands for w x < −1 regime. From all the plots, one can clearly notice that as long as the coupling parameter increases, the deviation of H eff becomes evident from its corresponding non-interacting expression, i.e. H, and interestingly such effect remains independent of the dark energy equation of state.
III. THE DATA AND METHODOLOGY
In this section we describe the observational datasets aiming to use for analyzing the present interacting DE models. In what follows we describe each dataset with their corresponding references.
1. Cosmic microwave background data: We consider the cosmic microwave background (CMB) temperature and polarization anisotropies together with their cross correlations from the latest Planck 2018 release [69, 70] . This dataset is known as the Planck TT,TE,EE+lowE. In this work we refer to this dataset as Planck 2018.
Baryon acoustic oscillations distance measurements:
We use the baryon acoustic oscilla- [78] . Let us note that H 0 from [78] is in tension (4.4σ) with the Planck's report within the ΛCDM cosmology. We refer to this data as R19 in this work. Now, using the above observational datasets, we have fitted both the interaction scenarios where the algorithm to extract the cosmological constraints is the well known Markov Chain Monte Carlo (MCMC) package COSMOMC [59, 60] in which a convergence diagnostic, namely the Gelman and Rubin statistic is already equipped. Additionally the package includes the support for the Planck 2018 Likelihood Code [70] (see http: //cosmologist.info/cosmomc/). For both the interaction scenarios, since the DE has a constant equation of state, the parameters space of our interest is the follow-
where the symbols in P have the following meanings: Ω b h 2 is the baryons density; Ω c h 2 is the cold DM density; 100θ M C is the ratio of sound horizon to the angular diameter distance; τ is the optical depth; n s , is the scalar spectral index and A S is the amplitude of the initial power spectrum; w x is the constant equation of state parameter for DE; ξ is the coupling strength. In Table  I we describe the priors on the model parameters of the interacting scenarios that we have taken during the statistical analysis. FIG. 4. Growth rate of CDM, fc, for IDE1 corresponding to the interaction function (5) has been shown for different values of the coupling parameter. In the left plot we assume that DE has quintessence behaviour where we set wx = −0.98 as a typical value whilst for the right plot we fix phantom DE with a typical value wx = −1.1. For both the plots we set Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1 − Ωr0 − Ωc0 − Ωx0 = 0.0399. (6) has been shown for different values of the coupling parameter. In the left plot we assume DE has quintessence behaviour where we set wx = −0.98 as a typical value whilst for the right plot we fix phantom DE with a typical value wx = −1.1. For both the plots we set Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1 − Ωr0 − Ωc0 − Ωx0 = 0.0399.
IV. RESULTS AND ANALYSIS
In this section we present the observational analysis for the present interaction scenarios using CMB measurements from Planck 2018, BAO, DES and a local measurement of H 0 from HST. We first constrain the models using CMB data only from Planck 2018 and then added other datasets considering the tensions between them so that the results are not biased due to the tensions between the datasets. In what follows we describe the main observational consequences of the interacting scenarios and check how the coupling parameter. The observational constraints on this nonlinear interaction model at 68% and 95% confidence-level (CL) have been shown in Table II for various cosmological datasets, namely, CMB alone from Planck 2018, Planck 2018+BAO, Planck 2018+DES, Planck 2018+R19 and Planck 2018+BAO+R19. And in Fig. 8 we show the (w x , ξ), (ξ, H 0 ) and (ξ, Ω m0 ) planes at 68% and 95% CL. Fig. 8 is very interesting because as one can see, the coupling parameter is found to be uncorrelated with w x , H 0 and Ω m0 . In particular, the joint contour (w x , ξ) is vertical for all the datasets showing no correlation between them. The same is true for other two cases. We note that within this interaction scenario one could safely combine R19 data with Planck 2018 and Planck 2018+R19. Because as we shall show below, the Planck 2018 data for this interaction scenario do not show any tension with the local estimation of H 0 . Similarly, for this model consideration the tension between the datasets, Planck 2018+BAO and R19 are less than 2σ, thus one can safely add R19 with Planck 2018+BAO. Let us now describe how these datasets could constrain a possible coupling in the dark sector driven by this nonlinear interaction as well as we try to explore other consequences.
In the second column of Table II we show the constraints on this model for Planck 2018 alone. We find that the coupling parameter is non-null and within 68% CL this gives its nonzero estimation leading to −0.178 at 68% CL), but as one can see, within 68% CL, its quintessence nature is equally allowed. The most interesting result of this anlysis is that the Hubble constant is almost same with its local determination. We find that within this interaction scenario Planck 2018 data alone constrain H 0 = 72.67 [78] . This clearly shows that the H 0 tension is resolved in presence of a non-zero interaction. Thus, we find that within this model consideration, a mild non-zero interaction is able to successfully solve the H 0 tension.
We now consider the analysis with Planck 2018+BAO. The inclusion of BAO to Planck 2018 is purely motivated to break the statistical degeneracies in the parameter space that may appear during the analysis with Planck 2018 data only. We find that when BAO data are added to Planck 2018, the evidence for a non-zero coupling becomes stronger. Our results show that at more than 95% CL, the coupling parameter remains nonzero (ξ = 0.072 +0.054 −0.069 , Planck 2018+BAO), and thus, it signals for a strong interaction in the dark sector. We also find that H 0 is slightly goes down (H 0 = 69.17 +1.53 −1.71 km/s/Mpc at 68% CL) compared to Planck 2018 only (H 0 = 72.67 +5.43 −8.26 km/s/Mpc at 68% CL) but due to its higher error bars, the tension is reduced and within 95% CL, it is reconciled. We also notice that the dark energy equation has a phantom character at more than 68% CL (w x = −1.096 +0.062 −0.064 , 68% CL). For Planck 2018+DES, we find similar conclusion on ξ as observe with Planck 2018+BAO. We find that for Planck 2018+DES, the evidence of a nonzero coupling also increases with ξ = 0 at more than 95% CL together with a high value of the Hubble constant which is slightly higher than the local measurements but consistent to it within 68% CL. Thus, Planck 2018+DES is in favor of alleviating the H 0 tension together with a nonzero coupling in the dark sector as well as the phantom nature of the dark energy equation of state at more than 95% CL.
We now come to the final two analyses, namely Planck 2018+R19 and Planck 2018+BAO+R19. We see that the constraint on H 0 from Planck 2018 is not in tension with its local measurements [78] . Thus, one could safely consider the combined analysis Planck 2018+R19. On the other hand, concerning the constraints on H 0 since the tension between the datasets Planck 2018+BAO FIG. 11. The evolution of the quantity Ωm/Ωr for the IDE1 scenario (corresponding to the interaction function in eqn. (5)) has been shown for various values of the coupling parameter ξ. We note that here Ωm = Ωc + Ω b . The horizaontal line corresponds to the case, Ωm = Ωr implying the matterradiation equality. We see that the curves corresponding to different values of ξ cannot be distinguished from one another, but actually they are different as shown in the subplot inside the main plot. The parameters that we fix to depict the plots are, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1 − Ωr0 − Ωc0 − Ωx0 = 0.0399. and R19 are less 3σ, thus, the combination Planck 2018+BAO+R19 can also be considered safely. The results of Planck 2018+R19 and Planck 2018+BAO+R19 are shown in the last two columns of Table II , respectively. Our analyses show that both the combinations show an evidence for a nonzero coupling in the dark sector. However, for Planck 2018+R19, ξ allows its zero values within 95% CL, while for Planck 2018+BAO+R19, ξ = 0 at more than 95% CL. For both the datasets, we find an evidence of a phantom DE at more than 95% CL. Additionally, we find that the estimations of H 0 are influenced by R19. As one can see that H 0 = 74.03 +1.42 −1.40 km/Mpc/sec (68% CL, Planck 2018+R19) and H 0 = 71.77 +1.05 −1.17 km/Mpc/sec (68% CL, Planck 2018+BAO+R19). Thus, for Planck 2018+R19, H 0 tension is perfectly solved. For a better understanding on how H 0 tension is solved/alleviated within this interaction scenario we show the whisker plot for H 0 at 68% CL in Fig. 9 considering all the observational datasets.
Finally, we focus on the cosmological implications of the interaction in the large scale of our Universe via CMB temperature power spectra (CMB TT) and matter power spectra. To understand how the coupling parameter influences the cosmological dynamics, in Fig. 10 , we present the CMB TT (left graph of Fig. 10 ) and matter power spectra (right graph of Fig. 10 ) for different values of the coupling parameter ξ. We note that in Fig.  10 we have also included the non-interacting ΛCDM case (ξ = 0) in order to show how the model with ξ = 0 behaves differently with ξ = 0 case (here ΛCDM). From the left panel of Fig. 10 , we find that with the increase of the coupling parameter, the height of the first acoustic peak in the CMB TT mildly decreases relative to the height of the first acoustic peak corresponding to the noninteracting case (here ΛCDM model). The reason of such changes can be realized as follows. In presence of an interaction, the energy density of CDM does not follow the usual evolution law (ρ c ∝ a −3 ), and hence the evolution of the entire matter sector, Ω m (= Ω c + Ω b ) changes from its usual law and as a consequence the matter-radiation quality may alter. In Fig. 11 we show the evolution of Ω m /Ω r for different values of the coupling parameter where the epoch at which the equality Ω m = Ω r holds, is known as the matter radiation equality. From Fig.  11 (see specifically the subplot in Fig. Fig. 11 ), we find that due to an interaction in the dark sector, the matter-radiation equality occurs earlier compared to the non-interacting case (ξ = 0). In case of this scenario, the shift of matter-radiation equality is very mild. However, due to earlier matter-radiation equality, the sound horizon is decreased, and as a consequence, the first peak of CMB TT is decreased. Moreover, our investigations also reveal that in the lower multipole region some changes in the CMB TT spectra are visible. Precisely, we find that, as ξ increases, the amplitude of the corresponding CMB TT spectrum decreases, relative to the non-interacting case (left panel of Fig. 10 ). As the presence of interaction changes the evolution of CDM from its usual law (without interaction), hence this directly affects the CMB TT spectra in the lower multipole region via integrated Sachs-Wolfe (ISW) effect due to the gravitational potential. Let us now discuss the effects of interaction in the matter power spectra. From the matter power spectra for this model (right plot of 10), one can notice that the evolution in matter power spectra is completely opposite to the CMB TT spectra. The amplitude of the matter power spectra increases with the increase of the coupling parameter ξ. The reason for such enhancement is due to the earlier matter-radiation equality as shown in Fig. 11 .
The constraints on this interaction model have been displayed in Table III at 68% and 95% CL for the datasets namely, CMB Planck 2018, Planck 2018+BAO, Planck 2018+DES, Planck 2018+R19 and Planck 2018+BAO+R19. In Fig. 12 we present the joint contours in the planes (w x , ξ), (ξ, H 0 ) and (ξ, Ω m0 ) at 68% and 95% CL for all the observational datasets. From Fig. 12 , we also observe that ξ is uncorrelated with both w x and H 0 , and this is true irrespective of the cosmological datasets. Most of the joint contours representing the planes either (w x , xi) or (ξ, H 0 ) are either vertical or horizontal. However, the correction between ξ and Ω m0 is found for some datasets, for example, both Planck 2018+BAO and Planck 2018+R19 exhibit the strong anticorrelation between them. Let us note that, as explained earlier, for this model too we could safely combine R19 with Planck 2018 and Planck 2018+R19. In the following we shall describe the constraints on this model scenario in detail.
In the second column of Table III we show the constraints from CMB alone. We find that the Hubble constant takes a very large value (H 0 = 84.33 +15.46 −7.39 km/Mpc/sec, at 68% CL) which is even greater than its local measurement, and thus, the H 0 tension persists. On the other hand we see that the coupling parameter is constrained to be small and it is consistent to ξ = 0. Additionally, we find that a phantom dark energy equation of state is suggested at more than 68% CL.
Similar to the previous model, here too we add BAO to CMB (from Planck 2018) aiming to break the degeneracies in the parameters while analyzing the underlying model with Planck 2018 data only. When BAO data are added to Planck 2018, we see that the mean value of H 0 is substantially reduced with reduced error bars (H 0 = 69.06 +1.36 −1.61 km/Mpc/sec, at 68% CL). However, this estimation is higher compared to Planck's recent measurements [79] and the tension on H 0 is indeed reduced a bit but not solved completely. The coupling parameter ξ assumes a mild value but within 68% CL, it is consistent to ξ = 0. Concerning the dark energy equation of state, although the mean value is phantom but within 68% CL, its quintessence nature is also allowed. Interestingly, the inclusion of DES to Planck 2018 gives similar constraints as we already found with IDE1. That means for this model scenario, an evidence of a non-zero coupling in the dark sector (ξ = 0 at more than 95% CL) is strongly suggested by Planck 2018+DES, and moreover, a phantom w x is also suggested at more than 95% CL together with an increased Hubble constant. The measurement of Hubble constant, H 0 for Planck 2018+DES is perfectly consistent (within 68% CL) with its local estimation [78] .
We then concentrate on the observational constraints for Planck 2018+R19 and Planck 2018+BAO+R19. If we consider the constraint on H 0 from Planck 2018, we see that due to high error bars in it, within 95% CL, this is not in tension with its local measurements [78] , so the addition of R19 with Planck 2018 does not bias the results. Similarly, looking at the constraint on H 0 from Planck 2018+BAO, we see that the tension between the datasets Planck 2018+BAO and R19 are less 3σ, thus, the combination Planck 2018+BAO+R19 can also be taken into consideration. From both the analyses, we find that the Hubble constant increases and becomes close to its local measurement and thus alleviating the tension. In particular, for Planck 2018+R19, H 0 tension is solved perfectly within 68% CL and for Planck 2018+BAO+R19, this is solved within 95% CL. In Fig. 13 we show the whisker plot for H 0 taking its 68% CL constraints considering all the datasets. This gives a clear idea on how the H 0 tension is solved/alleviated by different observational data within this model scenario. The dark energy equation of state remains phantom at more than 95% CL. However, concerning the coupling parameter, for Planck 2018+R19, we do not find any strong evidence for it (ξ is mild and consistent to 0 at 68% CL), but for Planck 2018+BAO+R19, an evidence for ξ = 0 is strongly suggested. We see that for the latter combination, that means for Planck 2018+BAO+R19, ξ = 0.074 +0.052 −0.066 , at 95% CL.
In a similar fashion, let us now discuss the effects of interaction in the CMB temperature power spectra (CMB TT) and matter power spectra. In Fig. 14, we present the CMB TT (left graph of Fig. 14) and matter power spectra (right graph of Fig. 14) for different values of the coupling parameter ξ. For comparison, we include the non-interacting ΛCDM case (ξ = 0) in the left graph of Fig. 14 with ξ = 0 cases. From the CMB TT spectra (left plot of Fig. 14) , one can clearly visualize that as long as the coupling parameter increases, the height of the first acoustic peak in the CMB TT decreases compared to the non-interacting case. In fact, the reduction in the CMB TT spectra is prominent compared to what we observed in the CMB TT spectra for IDE1 (we refer to the left plot of Fig. 10 ). As already commented earlier, due to an interaction in the dark sector, the matter-radiation equality occurs earlier compared to the non-interacting case, see Fog. 15 . And due to earlier matter-radiation equality, the sound horizon is decreased and hence the first acoustic peak of CMB TT is also decreased. Compared to IDE1, in this case, the effects on CMB TT spectra are prominent. Similar to IDE1, here too we find that, in the lower multipole region, as the coupling parameter ξ increases, the amplitude of the CMB TT spectrum decreases relative to the non-interacting case. Since the presence of interaction effectively changes the usual evolution of CDM (ρ c ∝ a −3 ), as a consequence, this affects the CMB TT spectra in the lower multipole region via integrated Sachs-Wolfe (ISW) effect due to the gravitational potential. Finally, from the matter power spectra, shown in the right plot of 14, one finds that amplitude of the matter power spectra increases with the increase of the coupling parameter ξ. This enhancement occurs due to the earlier matter-radiation equality (see Fig. 15 ). Relative deviations of the IDE models from the base non-interacting ΛCDM scenario (ξ = 0, wx = −1) via CMB spectra have been shown for three different values of the coupling parameter, as follows: In the left panel we set ξ = 0.01 for the interacting models; in the middle panel we set ξ = 0.04 for all the interacting models while in the right panel we set ξ = 0.07 for all the interacting models. As usual the fixed parameters for all the plots are, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ω b0 = 1 − Ωr0 − Ωc0 − Ωx0 = 0.0399.
V. CAN WE DISTINGUISH THE PRESENT MODELS WITH SOME KNOWN MODELS?
This section is devoted to understand the behaviour of the present interaction models with some already known and well used interacting dark energy models, when the large scale structure is taken into account. Because from first model is linear whilst the last two models are nonlinear. And moreover, all three interaction models are free from early time instabilities. For convenience, we abbreviate the reference model as RM, thus, the three references models can be identified as RM1, RM2 and RM3 in the figures that we shall describe now. We first begin our analysis with Fig. 16 where we present the temperature anisotropy in the CMB spectra for all five (three reference models plus two proposed models in this work) interaction functions using three different values of the coupling parameter, namely, ξ = 0.01, 0.04 and 0.07 in order to see how the changes in the CMB spectra occur with the increase of the coupling parameter. The left, middle and right panels of Fig. 16 respectively indicates the scenarios for ξ = 0.01, 0.04 and 0.07. Looking at the left plot of Fig. 16 , one can realize that for ξ = 0.01, the IDE models cannot be distinguished from one another. The difference between the models starts when one increases the coupling parameter. From three middle and right plots of Fig. 16 , one can notice that the increase of the coupling parameter changes in the height of the first acoustic peak in the CMB TT spectra changes and this essentially clarifies the effects of the interaction in the cosmic dynamics. In fact, as long as the coupling parameter increases, the changes in the lower multipoles (for l < 10) are becoming prominent which was absent in the left plot of Fig. 16 . The reason of the changes in the CMB spectra are discussed in section IV. In Fig.  17 we show the corresponding residuals with respect to the non-interacting ΛCDM scenario for a better viewing of the the changes in the CMB TT spectra. From Fig.  17 , we find that the present two IDE models are slightly different from the three reference models and this difference is much pronounced when the coupling parameter increases.
In a similar fashion, in Fig. 18 we show the matter power spectra for all the interaction models (three reference models and two models of the present work) as well as for the non-interacting ΛCDM model using exactly the same values of the coupling parameter, namely, ξ = 0.01, 0.04 and 0.07, as used to draw the plots in Fig. 16 and Fig. 17 . The left, middle and right plots of Fig. 18 respectively stands for ξ = 0.01, 0.04 and 0.07. From Fig.  18 , one can see that for small values of the coupling parameter (for example ξ = 0.01), the five models cannot be differentiated from one another, whilst for ξ = 0.04 and ξ = 0.07 (see the middle plot and right plot of Fig. 18 ), the models can be distinguished from one another, and moreover, we find that for IDE2, is slightly different from others but this does not deviate much from ΛCDM. From Fig. 19 , this actually becomes clear. From all the plots in Fig. 19 , one can clearly notice that, the present two IDE models can indeed be distinguished from one another as well as from the reference models. But, an interesting feature that anyone may observe from all three plots of Fig. 19 is that even if we allow ξ up to ξ = 0.07, IDE2 does not deviate much from ΛCDM, whilst other interaction models (IDE1 and RM1, RM2, RM3) are clearly distinguished.
Thus, from all the plots considered for this section, it is pretty clear that both IDE1 and IDE2 can really be considered to be the viable contestants compared to the chosen reference models in this work as well as with other existing models in the literature.
VI. BAYESIAN EVIDENCE USING SAVAGE-DICKEY DENSITY RATIO
We now come to almost end of this work where we wish to perform the Bayesian analysis in order to quantify the observational viabilities of the models relative to some reference model which in this work we assume to be the non-interacting cosmological model. Usually, there are different ways to perform the Bayesian analysis of the underlying cosmological models, however, here we use the Savage-Dickey Density Ratio (SDDR) which is useful to reduce the computational efforts compared to other known approaches to calculate the Bayesian evidences. Thus, assuming SDDR, the Bayes factor B 0i (i = 1 for IDE1 and i = 2 for IDE2) can be written as [80] [81] [82] 
where M i (i = 1, 2) is the concerned interacting DE model; p(ξ|d, M i ) is the posterior for ξ for the fixed dataset d and π(ξ|M i ) is the flat prior on ξ that we have assumed ξ ∈ [0, 1] (see Table I ). In order to quantify the strength of evidence of the IDE models, we use the values of ln B 0i for which one can use the Jeffreys' scale as follows: | ln B 0,i | < 1.0 is inconclusive; | ln B 0,i | = 1.0 means a positive evidence; | ln B 0,i | = 2.5 gives a moderate evidence and finally | ln B 0,i | = 5.0 gives the strong evidence. The values of ln B 0i for the present IDE models using the SDDR have been shown in Table IV . From the values of | ln B 0,i | (SDDR) obtained for all the datasets, one can clearly find that ΛCDM is preferred over the IDE models and the result remains true irrespective of the observational datasets we use here.
VII. SUMMARY AND CONCLUSIONS
The cosmology with interaction between DM and DE has gained a massive attention in the scientific community because the allowance of an interaction in the dark sector could explain several cosmic puzzles such as the cosmological constant problem, coincidence problem as well as some recent observational issues, such as the H 0 tension, σ 8 tension, and the crossing of the phantom barrier without any scalar field theory. However, a drawback of the interaction models which we should permit is that the interaction rate is not known, and we do not have any mechanism that could derive the exact rate of interaction between the dark fluids. That means there is a pure liberty to choose any kind of interaction model and at the same time there is no bindings to favor any specific interaction model that have already been well known for years. This has been the main motivation of this work where we have shown that there is definitely no reason to go in favor of some particular interaction model. Thus, in this work, assuming a spatially flat FLRW universe, we allow an interaction between DM and DE where the DM fluid is pressureless and the DE component has a constant barotropic equation of state. We then propose two new interaction rates in equations (5) and (6) that around r = 1 if expanded, assume nonlinear structure.
We then constrained the interacting scenarios (i.e. IDE1 and IDE2) corresponding to the interaction functions 5 and (6 respectively using CMB from Planck 2018, BAO, DES, and a local measurement of H 0 from HST (denoted by R19). In Table II (for IDE1) and Table  III (IDE2) we have summarized the results on the free and derived parameters of both the interacting scenarios. Our analyses clearly show that both IDE1 and IDE2 allow a nonzero interaction in the dark sector. Interestingly, for IDE1 both Planck 2018+BAO and Planck 2018+BAO+R19 show an evidence of ξ = 0 at more than 2σ while for IDE2, although ξ = 0 is consistent for Planck 2018+BAO but an evidence of ξ = 0 is exhibited for Planck 2018+BAO+R19. Additionally, we find that both the IDE models can alleviate the H 0 tension. In particular, IDE1 perfectly solves the H 0 tension within 68% CL. Within IDE1 scenario, Planck 2018 data alone constrain H 0 = 72.67 +5.43 −8.26 km/s/Mpc (at 68% CL) which is very close to its local measurement H 0 = 74.03 ± 1.42 km/s/Mpc (at 68% CL) [78] . This is an interesting property of the interacting dynamics which has been also explored in some recent works [31, 36, 39, 41, 50, 83] . In particular, in [52, 83] , the authors showed that an interaction in the dark sector is can simultaneously solve both H 0 and σ 8 tensions. Moreover, our analyses also report that the dark energy equation of state has a tendency towards the phantom regime. This tendency is strongly supported by Planck 2018+R19 and Planck 2018+BAO+R19 where w x < −1 at more than 2σ.
We discussed the direct effects of the coupling parameter on the large scale structure of our Universe through the changes in the CMB TT and matter power spectra (see Figs. 10 and 14) . From the analyses we find that with the increase of the coupling parameter, IDE1 presents mild deviation from the non-interacting ΛCDM model compared to IDE2.
As the models are completely new, we wanted to compare them with some known interaction models having both linear and nonlinear structures. Such investigations enable us to understand the qualitative differences between the IDE models already existing in the literature. Our analyses report that for small coupling parameter, the present models are extremely hard to distinguish from the known reference models (see Fig. 16 and Fig. 18 ) although a mild difference always exists between them, see Fig. 17 and Fig. 19 . But the differences between the models are actually prominent for higher values of the coupling parameter. But, overall, except IDE2 which has some violent nature in the large scales (only pronounced clearly from Fig. 19 ), IDE1 is very close to the reference models. Therefore, based on the present analyses, IDE1 might be considered to be a competitor of the existing IDE models in the literature.
Finally, we performed the Bayesian evidence analysis through the Savage-Dickey Density Ratio which is easy and useful to reduce the computational efforts. In Table  IV we have summarized the results of Bayesian evidence analysis considering ΛCDM as the reference model. Our analyses predict that still ΛCDM is preferred over the IDE models.
However, as a closing remark, we would like to comment that the present two interacting functions are really interesting. In particular, IDE1 driven by the sign changeable nonlinear interaction function should further be investigated in light of future cosmological observations. The most simplest and elegant work could be its extension by considering the dynamical DE equation of state which extends the parameters space compared to the parameters space of the present interacting scenarios. Apart from that there are many other directions within this context that can be considered. We believe that the current scientific community might be interested to survey some of them along with us.
